We consider constraints on simplified models in which scalar dark matter annihilates to light charged leptons through the exchange of charged mediators. We find that loop diagrams will contribute corrections to the magnetic and electric dipole moments of the light charged leptons, and experimental constraints on these corrections place significant bounds on the dark matter annihilation cross section. In particular, annihilation to electrons with an observable cross section would be ruled out, while annihilation to muons is only permitted if the dominant contributions arise from CP -violating interactions.
I. INTRODUCTION
With the appearance of data from a variety of direct, indirect and collider search strategies, there has been great interest in formalisms which allow one to, for any particular model, relate the expected observables which can be probed with each detection strategy. One such formalism is that of simplified models [1] , in which one focusses on a effective Lagrangian involving only the small number of fields and couplings relevant for dark matter interactions with the Standard Model. In its most basic form, a simplified model could describe dark matter interactions with the Standard Model particles through exchange of a single mediating particle. For such a simplified model, one can describe the full set of dark matterStandard Model interactions by specifying only a few quantities, such as the mass and spin of the dark matter and mediating particle, the strength of the couplings, and the exchange channel (s, t or u). A single simplified model can thus capture the essential physics of dark matter-Standard Model interactions for a variety of new physics scenarios.
We consider a class of simplified models in which dark matter is a scalar, and dark matter annihilation to light charged leptons (XX → e + e − , µ + µ − ) proceeds through t-channel exchange of a single mediating particle, f (see fig. I , left panel). Examples of models which can realize this scenario include WIMPless dark matter [2] , and this scenario can be realized in models of leptophilic dark matter [3] . This particular scenario is of interest because it allows one to decouple the dark matter annihilation cross section from bounds arising from direct detection and collider searches. These latter search strategies place tight constraints on dark matter interactions with quarks. In some (though by no means all) models, these bounds are satisfied by requiring the particles mediating interactions with quarks to be very heavy, suppressing the annihilation cross section to quarks. But if the particles mediating interactions with leptons are light, then the cross section for dark matter to annihilate to leptons could still be sizable. In this light, it is important to consider the case where dark matter is a scalar whose annihilation cross section does not suffer from the chirality/p-wave suppression which typically arises for Majorana fermions.
Because the dark matter has vanishing electric charge, the mediating particle must necessarily be electrically charged. As a result, the dark matter-lepton interaction vertices can contribute to the electric or magnetic dipole moments of the electron and muon (see fig. I , right panel). Both electric and magnetic dipole moments have long been used a probes of new physics (see, for example, [4] [5] [6] [7] [8] ). In particular, the current measurement of the muon magnetic dipole moment differs from the Standard Model prediction by ∼ 3.5σ [9] , and there have been attempts to interpret this anomaly in terms of a signal for new physics [10] . We will consider the connection between corrections to the dipole moments and the dark matter annihilation cross section.
We will consider the case where dark matter is a scalar, with the most general allowed Yukawa coupling to light charged leptons and an exotic charged lepton. We will find that the annihilation cross section depends on two terms, one of which is CP -conserving and the other of which is CP -violating. The CP -conserving term will be constrained by the new physics contribution to the magnetic dipole moment of the charged lepton, while the CP -violating term will constrained by the electric dipole moment. This will allow us to constrain the the XX →f f annihilation cross-section with experimental measurements of the fermion dipole moments. We thus focus on annihilation to light charged leptons (electrons or muons), whose dipole moments are most tightly constrained.
The outline of this paper is as follows. In section II, we describe the simplified model, and the scaling of CP -conserving and CP -violating terms. In section III we compute the XX →f f annihilation cross section and the corrections to the electric and magnetic dipole moments. In section IV, we describe experimental constraints on the dipole moments, and the implied constraints on the dark matter annihilation cross section. We conclude with a discussion of our results in section V.
II. THE SIMPLIFIED MODEL
If dark matter is a scalar, which couples to Standard Model leptons and an exotic fermion, then the most generic renormalizable interaction can be written in terms of the effective Lagrangian:
where f is the Standard Model lepton, f is an exotic lepton, and X is a scalar dark matter field, which in general can be real or complex. We also assume that X and f are charged under some unbroken symmetry which stabilizes the dark matter, and under which f is neutral. We thus require m X < m f . If X is an SU (2) L × U (1) Y singlet, then gauge-invariance implies that f must be chiral under SU (2) L and U (1) Y . As a result, f will act like an exotic lepton and will get mass through a coupling to the higgs; it cannot be arbitrarily heavy, though it is certainly allowed by data. Note, however, that if f is part of a full generation (to cancel the hypercharge mixed anomaly), then this would imply the existence of a 4th generation quark, which is more tightly constrained [11] . However, the anomaly can be cancelled in other ways (say, the presence of another mirror lepton). For our purposes, we simply assume that the hypercharge mixed anomaly is cancelled. Note that it is also possible for f to be completely vector-like, in which case its mass is unconstrained. But in this case, gauge-invariance implies that X must be a linear combination of fields with different charges under SU (2) L and U (1) Y (though electrically neutral). The coefficients λ L,R then also include the relevant mixing angles. We will thus treat the mass of f as unconstrained (aside from m f > m X ), though for specific models m f can be constrained both from above and from below by data.
We can choose to write the propagators for f and f with real mass terms. With this choice, the only remaining allowed phase rotation of the fields is an overall rotation of X, f and f (the relative phase between the left-handed and right-handed fermion components are fixed by the real mass condition). Any overall phase for the coefficients λ L and λ R can be absorbed by a phase rotation of the fields, but a relative phase between λ L and λ R cannot be absorbed by any field redefinition. We thus see that CP -violating terms will be proportional to Im(λ L λ * R ).
III. CONNECTING DARK MATTER ANNIHILATION TO ELECTRIC/MAGNETIC DIPOLE MOMENTS

A. Dark Matter Annihilation
If X is real, then the XX →f f annihilation process proceeds though t-and u−channel exchange of f . If X is complex, then the X * X →f f annihilation process proceeds through only one of these channels.
For scalar dark matter, the XX →f f process can proceed from an s-wave initial state, and with no chirality suppression. As a result, although velocity-dependent terms can be relevant for the annihilation rate at freeze-out, they will be largely irrelevant in the current epoch. We can thus limit ourselves to the the non-relativistic limit. We will also focus on the limit m X , m f m f . 1 We then find
as v → 0. It is useful to consider the limit m f m X m f . In this limit, the annihilation matrix element is generated by the dimension 5 effective operator:
Note that each of the two terms permits annihilation from an S = 0, L = 0, J = 0 CP -even initial state. However, the first term annihilates to a S = 1, L = 1 CP -even final state, while the second term annihilates to a S = 0, L = 0 CP -odd final state. The annihilation matrix elements generated by these two terms thus do not interfere, and each matrix element is neither chirality nor p-wave suppressed [13] . As expected, the terms in the cross section proportional to Re(λ L λ * R ) arise from the CPinvariant part of the operator, while the terms proportional to Im(λ L λ * R ) arise from the CP -violating part.
B. Corrections to the Electric/Magnetic Dipole Moment
The most general fermion-fermion-photon coupling consistent with gauge-invariance is given by
1 However, if either λ L or λ R is sufficiently small, then the leading terms in the cross section will scale as m 2 f or v 4 [12] . Since these terms will be small, internal bremsstrahlung can also be important. The annihilation cross section is suppressed in this limit, so we will not discuss it further.
where F 1,2,3,A (q 2 ) are form factors which depend on the momentum q of the photon. Gaugeinvariance requires F 1 (0) = 1. F A (0) is the anapole moment, which will not concern us here. But the electric and magnetic dipole moments are determined by −ıF 3 (0) and F 2 (0). These moments are denoted by d and µ = g(e/2m)S, respectively. At the classical level, one finds a vanishing electric dipole moment, d cl = 0, and a magnetic dipole moment given by g cl = 2. The one-loop quantum corrections to these dipoles are given by the quantities
These corrections can be computed at lowest order from the one-loop correction to the vertex. Note that, at lowest order, neither correction is affected by the fermion wavefunction renormalization, so a computation of the vertex correction is sufficient. In the limit m f m X , m f , we then find (see also [14] 
As expected, the correction to the magnetic dipole moment depends on Re(λ L λ * R ), while the electric dipole moment, which arises from CP -violation, depends on Im(λ L λ * R ). Note that the dipole moment corrections do not depend on whether X is a real or complex scalar.
It is also worth noting that, in general, the dipole moment operators will run under renormalization group (RG) flow between the energy scale at which one integrates out the X and f fields (∼ m X ) and the energy scale relevant for the vertex corrections (∼ m f ). However, since the λ L,R we consider are typically small and since the only other relevant couplings are electroweak couplings, the effects of running are not significant [15] and we will ignore them. If we had considered the coupling of dark matter to quarks instead, RG-running of the operators would be non-trivial.
IV. CONSTRAINTS AND PROSPECTS
We focus on dark matter couplings to electrons or muons, whose dipole moments are most tightly constrained. We can compare the experimental measurement and theoretical calculation of a = (g − 2)/2 [16-18] for the electron and muon: 
We see that constraints on the corrections to ∆a and d imply constraints on Re(λ L λ * R ) and Im(λ L λ * R ), which in turn imply a bound on the annihilation cross section. But since there can be additional new physics which contribute to both ∆a and d, a contribution to these moments from dark matter interactions alone which exceeds the difference between theory and the measured value cannot be strictly excluded. Instead, we will consider as "disfavored" a model for which the magnitude of the correction from dark matter interactions is larger than the magnitude of the total correction allowed by the data (regardless of sign). Although such models can be allowed by data if there is additional new physics, those contributions would necessarily have to be fine-tuned against the dark matter contribution. Clearly, this characterization is somewhat ambiguous, and there is no clear answer as to how much finetuning is acceptable; this analysis merely provides a benchmark.
Using the analysis above, we plot in fig. 2 regions of parameter-space in the ( σ a v , m f ) plane which are disfavored by the dipole moment data, for m X = 10, 100 GeV and m f m X . The annihilation processes considered are X * X → e + e − and X * X → µ + µ − . In each panel the labeled shaded regions correspond to annihilation cross sections due either to CP -conserving or CP -violating interactions, and are constrained by the appropriate dipole moment. Note that m f is constrained by direct searches for charged particles at LEP. The precise exclusion contours depend on the spin of the new particle as well as its decay chain, but LEP searches roughly exclude new charged particles which are lighter than ∼ 100 GeV [20, 21] . LHC constraints on new charged leptons can be up to a factor of 3 tighter if the charged lepton couples to SU (2) L , but can be much weaker if they do not [22, 23] . As these constraints are somewhat model-dependent, we plot the full range of m f for completeness.
It is interesting to note that, for annihilation to the electron channel, the bounds on both CP -conserving and CP -violating contributions to the annihilation cross section are tight enough to exclude any models which could be observed at current or upcoming indirect detection experiments, although bounds on CP -violating contributions are tighter than bounds on the CP -conserving contribution. On the other hand, for annihilation to the muon channel, bounds from g µ − 2 on the CP -conserving contribution are much tighter than electric dipole moment bounds on the CP -violating contribution. Indeed, if this simplified model describes X * X → µ + µ − annihilation which can be detected at indirect detection experiments, it must arise from CP -violating contributions.
One can compare the annihilation cross sections and dipole moment corrections more 
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FIG. 2.
Bounds on the annihilation cross section of complex scalar dark matter to e + e − (top panels) and µ + µ − (bottom panels) from experimental measurement of the lepton magnetic and electric dipole moments in the m f → 0 limit for m X = 10 GeV (left panels) and m X = 100 GeV (right panels). Each disfavored region is shaded and demarcated by a line which indicates if it is disfavored by magnetic dipole moment bounds, electric dipole moment bounds, or by perturbativity of the coupling constant (perturbativity is not constraining for X * X → e + e − ). Note that the annihilation cross section will be enhanced by a factor of 4 if X is a real scalar.
directly in the limit m f m X m f . In this limit, we find
In this limit, the annihilation cross section depends on m X and m f only through the dipole moment corrections. As expected, we see that for f = e, the CP -violating contribution is more highly suppressed than the CP -conserving contribution. On the other hand, for f = µ, it is the CP -conserving contribution which is more highly suppressed. With ∆a µ ∼ 3 × 10
and d µ = 0 (Im(λ L λ * R ) = 0), we find σ(X * X →μµ)v ∼ 6 × 10 −4 pb. This implies that a CP -conserving interaction producing a g µ − 2 correction large enough to explain the data would still produce a annihilation cross section of only ∼ 10 −3 pb. If a larger cross section is observed in indirect detection experiments, then there must be additional fine-tuning between corrections to the muon magnetic dipole moment, or there must be CP -violating interactions which also contribute to the muon electric dipole moment.
Note that, if this simplified model describes the physics underlying the g µ − 2 anomaly, m f could be as large as ∼ 35 TeV while still having perturbative couplings. For the case of annihilation to electrons, perturbativity constraints are not relevant for any of the mass scales considered.
V. CONCLUSIONS
We have studied dipole moment constraints on simplified models in which scalar dark matter annihilates to light charged leptons through t-channel exchange of a heavy mediating fermion. In particular, we have found that such simplified models are tightly constrained by the magnitude of experimentally allowed corrections to electric and magnetic dipole moments. Interestingly, the tightest constraints on electron interactions arise from electric dipole moment measurements, while the tightest constraints on muon interactions arise from magnetic dipole moment interactions. If such a simplified model describes dark matter interactions in nature, then an observable XX → µ + µ − annihilation cross-section must be accompanied by large CP -violation. It is also worth noting that, if dark matter is a thermal relic, then the XX → e + e − process can be only a small part of total annihilation at freeze-out, while XX → µ + µ − can be the dominant annihilation process at freeze-out. These bounds can be weakened if there are other new physics effects whose contribution to the dipole moments cancels that from loop diagrams involving dark matter. However, models with cross sections far larger than these constraints can only be consistent if there is significant fine-tuning between dipole moment corrections.
In the limit m f m X m f , both ∆a and m f (d/e) scale as m f /m f . One could instead consider the case where X is a fermion and the t-channel mediator f is a scalar. This simplified model would again yield corrections to the electric and magnetic dipole moments, but these moments would instead scale as (
, where α is the scalar mixing angle [14] . This suppression is due to the fact that dipole moment interactions require a helicity-flip for the Standard Model lepton, which can be provided by the fermion mass term or by scalar mixing. However, if X is a fermion, then the s-wave annihilation cross section is suppressed by a factor m 2 X /m 2 f (if dark matter is a Majorana fermion and there is negligible scalar mixing, the annihilation cross section is suppressed by an additional factor m 2 f /m 2 X ). As a result, the bounds on dark matter annihilation to light charged leptons for the case of fermionic dark matter with large scalar mixing may be expected to be roughly the same as those shown here for the scalar dark matter case. The same is true if dark matter is a Majorana fermion, and there is negligible scalar mixing. But if dark matter is a Dirac fermion with negligible scalar mixing, then the constraints on dark matter annihilation from dipole moments would be much weaker [24] .
We can thus compare the analysis of the simplified model considered here with that of an MSSM neutralino. The correction to the muon magnetic moment due to loop diagrams has been well studied [14] , and for the reasons stated above, we expect the bounds on the cross section for χχ → µ + µ − to be similar to those found here in the CP -conserving case, up to O(1) factors. This amounts to the statement that, even if superparticle corrections are large enough to be responsible for the deviation between the measured g µ − 2 and the Standard Model prediction, the branching fraction for dark matter annihilation to muons in the current epoch will still be quite small. This is not surprising, given that the neutralino is a Majorana fermion. One might have thought that a larger annihilation cross section would be allowed for scalar dark matter, since the required helicity-flip is provided by the mediating fermion. However, the mediating fermion provides the same helicity-flip for the magnetic moment diagram, enhancing the correction to g µ − 2. Thus a CP -conserving interaction involving scalar dark matter which provides the needed correction to g µ − 2 would still yield an annihilation cross section to muons which is very small. But for a fixed coupling, the mediating particle mass required to match the g µ − 2 anomaly in the scalar dark matter case will be much larger than in the neutralino dark matter case. Moreover, large CP -violation is possible in the simplified model considered here, allowing significant annihilation to muons which is unconstrained by g µ − 2 bounds.
For the case of Dirac neutralinos, dark matter can annihilate from a S = 1, L = 0, J = 1 initial state. In this case, no helicity-flip is needed for the final state. A helicity-flip is still needed for the correction to g µ − 2, implying that the correction to g µ − 2 can be quite small even if the cross section for annihilation to muons is large [24] .
As we have seen, for Majorana fermion dark matter, the spin-flip required for an s-wave annihilation cross section is correlated with the spin-flip needed for a contribution to the dipole moments. But it is worth noting that even dark matter with p-wave suppressed annihilation can still have the correct thermal relic density, because a p-wave annihilation cross section is only suppressed by a factor ∼ 10 at the time of freeze-out. As a result, Majorana fermion dark matter with largely p-wave annihilation could arise as a thermal relic, yet be unconstrained by dipole moment bounds.
In this work, we have only focussed on annihilation to light charged leptons. Annihilation toτ τ orqq can also be constrained, but experimental constraints on the dipole moments are much weaker. It would be interesting to revisit constraints on annihilation to those channels from dipole moment corrections. Finally, it is worth noting that all of these bounds on the annihilation cross section can be avoided by models with s-channel annihilation, where the mediating particle is neutral. The observation of dark matter annihilation to e + e − pairs would then provide interesting information regarding the nature of the mediating particle.
